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We create squeezed light by exploiting the quantum nature of the mechanical interaction between
laser light and a membrane mechanical resonator embedded in an optical cavity. The radiation
pressure shot noise (fluctuating optical force from quantum laser amplitude noise) induces resonator
motion well above that of thermally driven motion. This motion imprints a phase shift on the laser
light, hence correlating the amplitude and phase noise, a consequence of which is optical squeezing.
We experimentally demonstrate strong and continuous optomechanical squeezing of 1.7 ± 0.2 dB
below the shot noise level. The peak level of squeezing measured near the mechanical resonance is
well described by a model whose parameters are independently calibrated and that includes thermal
motion of the membrane with no other classical noise sources.
Interferometry is a ubiquitous method for sensitive dis-
placement measurements. In typical interferometry em-
ploying a coherent state, the amplitude and phase quan-
tum fluctuations are both at the shot noise level. Re-
cently optomechanical systems have been developed that
not only measure mechanical motion, but can also manip-
ulate the motion with radiation pressure. For example,
radiation forces have been used to cool mechanical res-
onators to near their quantum ground state [1, 2]. With
sufficiently strong radiation pressure, quantum fluctua-
tions can become the dominant mechanical driving force,
leading to correlations between the mechanical motion
and the quantum fluctuations of the optical field [3]. Such
correlations can be used to suppress fluctuations on an
interferometer’s output optical field below the shot noise
level [4, 5], at the expense of increasing fluctuations in an
orthogonal quadrature. This optomechanical method of
manipulating the quantum fluctuations has historically
been termed ponderomotive [6] squeezing.
The history of optical squeezing is intimately linked
to quantum limited displacement sensing [7], owing to
proposals to increase the displacement sensitivity of
large scale gravitational wave observatories with squeezed
light [8–11]. Squeezed light was first produced us-
ing atomic sodium as a nonlinear medium [12], and
was soon followed with experiments employing optical
fibers [13] and nonlinear crystals [14]. Substantial squeez-
ing has been achieved in modern experiments (up to 12.7
dB [15]), and enhanced sensitivity using squeezed light
has been realized in gravitational wave detectors [16] and
in biological measurements [17]. Squeezed microwave
fields, which have now been demonstrated with up to
10 dB of noise suppression [18], are an important tool
in quantum information processing with superconduct-
ing circuits.
Early on, searches for ever-better squeezing materi-
als led to suggestions that an optomechanical cavity, in
which radiation pressure proportional to optical inten-
sity changes the cavity length, could act as a low-noise
∗ tpp@jila.colorado.edu
Kerr nonlinear medium [4, 5, 19], and hence could be a
useful source of squeezed light [20]. Further, a unique
advantage of utilizing an optomechanical nonlinearity is
that correlations induced by a mechanical object can be
used to enhance displacement sensitivity for that same
object [11, 21].
However, experimentally it has proven difficult to re-
alize the substantial interplay between mechanical mo-
tion and quantum fluctuations of light required for pon-
deromotive squeezing. Early on, radiation pressure in-
duced optical non-linearity (bistability) was experimen-
tally demonstrated in a cavity with a pendulum sus-
pended end mirror [22]. More recently ponderomotively
squeezed light at the few percent level has been demon-
strated using a mechanical mode of an ultracold atomic
gas inside an optical cavity [23], and very recently us-
ing a silicon micromechanical resonator [24]. The former
experiment was limited by nonlinearities in the interac-
tion and the latter by excess mechanical thermal motion.
Here, we observe ponderomotive squeezing at 1.7±0.2
dB below (32% below) the shot noise level and optical
amplification of quantum fluctuations by over 25 dB.
The squeezing is realized on light transmitted through
a Fabry-Perot optical cavity with an embedded mechan-
ically compliant dielectric membrane.
An optomechanical system can be thought of as an ef-
fective Kerr medium, and hence ponderomotive squeez-
ing can be understood using many of the same ideas
as typical nonlinear media. However, in ponderomo-
tive squeezing the finite mechanical response time de-
fined by a complex mechanical susceptibility χm(ω) plays
an important role [19]. We can illustrate the features
of our expected ponderomotive squeezing by tracing the
quantum fluctuations, δXI and δXQ in the optical am-
plitude and phase quadratures respectively, propagating
through our optomechanical cavity (Fig. 1). A large co-
herent state, referred to as the signal beam, consisting of
nearly monochromatic radiation at a frequency ωL and
vacuum fluctuations at all other frequencies, enters the
cavity from the left, and a vacuum state enters from the
right. We first consider the simplest case where the laser-
cavity detuning, ∆, is zero. Because the membrane is
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FIG. 1. Experimental Diagram for Optomechanical Squeezing. (a) The signal beam (blue) enters the optomechanical cavity
as a coherent state. After the optomechanical interaction, a squeezed state emerges. The signal beam is detected either
with balanced direct photodetection or with balanced homodyne detection by mixing with an optical local oscillator (LO)
(green). A weaker damping beam (red) orthogonally polarized to the signal beam is also injected into the cavity. The two
beams are combined before the cavity and separated after the cavity with polarizing beamsplitters (PBS) and detected with
photodetectors (PD). (b) Signal and damping beam detunings from the cavity resonance. (c) Representative δXI -δXQ phase
space distributions of the signal beam for real and imaginary values of r, the Kerr parameter. The dashed circle represents
the variance of the Gaussian noise distribution of the vacuum state. Distributions inside the dashed circle represent squeezed
states. (d) Simulated signal beam quadrature spectrum for ∆ = 0 in the idealized case of zero temperature and no optical loss.
Otherwise, Heisenberg Langevin simulation parameters are set to experimental values: κ/2pi = 1.7 MHz, Γeff0 /2pi = 2.6 kHz,
ωm/2pi = 1.53 MHz, and
√
N¯g0/2pi = 350 kHz. The spectrum is displayed on a logarithmic scale. The region between the
white contours is squeezed.
located in a spatial gradient of the standing wave opti-
cal intensity, it is subject to an optical force from the
shot noise intensity fluctuations, termed radiation pres-
sure shot noise (RPSN). The membrane responds to the
RPSN drive with motion concentrated at frequencies near
its mechanical resonances, i.e. weighted by χm(ω). The
mechanical motion of the dielectric membrane causes
fluctuations in the cavity resonance frequency that are
imprinted onto the optical phase quadrature, yielding
δXQ(ω) → δXQ(ω) + r(ω)δXI(ω), while δXI remains
unchanged. Here r(ω) is a dimensionless complex Kerr
parameter proportional to the strength of the coupling,
which depends upon a variety of parameters, including
the mechanical response. This Kerr-like self phase mod-
ulation correlates the amplitude and phase quadratures.
If r is real, the correlations destructively interfere in some
particular quadrature, leading to squeezing, as illustrated
in Fig. 1(c). If r is purely imaginary the added phase fluc-
tuations do not lead to squeezing. The latter is the case
when probing on the optical resonance and measuring at
the mechanical resonance frequency, where the mechan-
ical response is perfectly out of phase with the RPSN
drive.
Another consequence of the finite response time of the
mechanical element (i.e. the imaginary component of
χm(ω)) is that our system is directly coupled to the ther-
mal bath. Thermal motion of the membrane imprints ex-
cess noise onto the light, which is uncorrelated with the
optical shot noise and hence can limit the level of squeez-
ing. To obtain significant squeezing near the mechanical
resonance, the level of RPSN relative to the thermal force
driving the membrane should be large [3]. For a beam
with laser-cavity detuning near zero, this ratio is given
by: R = C/nth×(1+(2ωm/κ)2)−1, where C = 4N¯g2/κΓ0
is the optomechanical cooperativity, N¯ is the average
intracavity photon occupation, g is the optomechanical
coupling rate, Γ0 is the mechanical dissipation rate, κ is
the cavity decay rate, ωm is the mechanical resonance
frequency, and nth is the thermal occupation of the me-
chanical state.
Figure 1(d) illustrates the basic features we expect to
see when measuring the squeezing in homodyne detec-
tion as a function of quadrature angle φ and detuning
with respect to the mechanical resonance. To create this
map we use the Heisenberg-Langevin model described in
the Appendix that captures more of the complexity of our
system. In the diagram we can see that for pure intensity
quadrature light we do not observe squeezing. However,
as one rotates towards the phase quadrature squeezing
appears. The lineshape of the squeezing is not symmet-
3ric about ωm in our case, but instead follows a Fano-like
lineshape. The vacuum fluctuations directly reflected off
the output mirror interfere with the quadrature-rotated,
mechanical-resonance-modulated light exiting the cavity.
This diagram also illustrates the basic role of the mechan-
ical susceptibility that weights the interaction between
the membrane and the light. Namely the magnitude of
the squeezing (Sφ < 1) and the anti-squeezing (Sφ > 1)
fall off on the scale of the mechanical linewidth.
In our experiments we also operate with a finite laser-
cavity detuning. At a finite ∆ an understanding of the
spectrum of fluctuations must also take into account
the ∆ dependent quadrature rotation of the intracav-
ity states relative to the input fields, φc = tan
−1(2∆/κ)
(i.e. off-resonant phase fluctuations are partially con-
verted into intracavity amplitude fluctuations and vice
versa). This quadrature rotation generates squeezing in
the amplitude quadrature, which may be observed via di-
rect photodetection in addition to homodyne detection.
The spectral lineshape is also altered by the optomechan-
ical damping and spring effects of the signal beam [25]
on the membrane’s mechanical response (See Appendix).
Our optomechanical cavity (See Fig. 1 and Ref. [26])
consists of a 40 nm thick by 500 µm square silicon nitride
membrane inside of a 3.54 mm long Fabry-Perot optical
cavity [27]. We work with the (2,2) drum-head mode of
the membrane, with two antinodes along each transverse
direction, yielding a mechanical resonance frequency of
ωm = 2pi × 1.524 MHz, and mechanical dissipation rate
Γ0 = 2pi × 0.22 Hz. The interaction Hamiltonian ~gNz,
where z is the operator of the effective mechanical coor-
dinate and N is the intracity photon number operator,
is equivalent to that of a harmonically bound end mirror
optomechanical cavity [4, 5]. In our system g = 2pi × 33
Hz, κ = 2pi×1.7 MHz, and in a helium flow cryostat with
a base temperature of 4.6 K, we achieve R > 5, when op-
erating with N¯ ∼ 108. This ratio is much larger than
achieved in previous work [3] mainly due to increased
optomechanical coupling. In addition to our main signal
beam, we inject another laser into the orthogonal polar-
ization cavity mode. This damping beam has a much
weaker power than the signal beam, but is detuned by
∆d ∼ −ωm from the cavity resonance. The damping al-
lows us to avoid parametric instability and work with a
mechanical mode with an effective mode temperature of
less than 1 mK. See Supplementary Materials for more
details about experimental methods and calibrations.
In our first set of experiments we use direct photode-
tection to measure the power spectrum of the amplitude
quadrature, SI(ω), which is normalized such that the
detected shot noise is unity. Figure 2(a) shows SI for
several values of ∆, all at an average transmitted signal
beam power of 110 µW corresponding to N¯ = 1.1×108 or
R = 5.1. A dip in noise below the shot noise level is vis-
ible in the vicinity of ωm, a clear signature of squeezed
light. The squeezing becomes more pronounced as |∆|
is increased because the maximally squeezed quadrature
is rotated toward the amplitude quadrature. The data
show excellent agreement over most of its frequency range
with a Heisenberg-Langevin model including quantum-
noise-limited input optical fields, a thermally occupied
mechanical bath coupled to the membrane, and no other
classical noise sources (see Appendix). However, a small
excess of classical noise is visible at the largest detun-
ing, a few tens of kHz above the mechanical resonance.
Here, cavity frequency noise induced from a thermally
occupied mechanical mode of the optomechanical cavity
support structure [26] is increasingly converted in ampli-
tude noise at larger |∆|. All of the system parameters
used to generate the theory curves of Fig. 2(a) are in-
dependently measured, except ∆ is calibrated, in part,
using the displayed data.
The shot noise level for the data of Fig. 2 is calibrated
using balanced direct detection. The transmitted signal
is split into two equal power beams and directed onto a
pair of nearly identical photodetectors. Taking the sum
of the detected signals is equivalent to single detector
direct detection. However, taking the difference of the
detected signals removes classical and quantum correla-
tions, up to the 20 dB achieved common mode suppres-
sion. The difference signal consists of only the uncor-
related shot noise level, and a small ∼ 5% contribution
from the photodetector dark noise. SI is computed by
taking the ratio of the power spectra of the sum and
difference signals, after subtracting the measured pho-
todetector dark noise.
The limits of the detected squeezing are illustrated in
Fig. 2(b) where the minimum measured value of SI is
plotted as a function of ∆. The squeezing is limited
somewhat by the thermal noise to RPSN ratio 1/R. The
finite quantum efficiency of our detection system is the
largest limit to the detected squeezing. Including losses
associated with the cavity c = 0.6, propagation to the
photodetector p = 0.8, and photodetector conversion
efficiency d = 0.87, we estimate an overall quantum ef-
ficiency of  = cpd = 0.42.
For Fig. 2(c) white classical intensity noise with an am-
plitude much greater than shot noise has been introduced
onto the signal beam prior to entering the cavity. While
classical intensity noise is clearly suppressed as well, the
lineshape of SI is qualitatively different from that of the
quantum noise case. In the classical noise case, the Fano
asymmetry reverses due to the absence of coherent inter-
ference with phase and amplitude noise directly reflected
from the output mirror, in contrast to the quantum noise
case. A Heisenberg-Langevin model incorporating the
additional classical laser noise term agrees well with the
measured data. This symmetry difference between classi-
cal and quantum noise provides added confirmation that
the spectra of Fig. 2(a) truly arise from the manipulation
of quantum noise.
Although the transmitted signal beam intensity spec-
trum is decidedly non-Lorentzian, the mechanical dis-
placement still follows a simple Lorentzian form. The
damping beam transmitted intensity spectrum acts as
a probe of mechanical motion uncomplicated by strong
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FIG. 2. Quantum Intensity Noise Suppression. (a) Directly detected optical intensity noise signal beam spectra for several
signal beam detunings. Also displayed are the measured shot noise level (gray) and the theoretical predictions (black). A
200 Hz bandwidth is used. The ratio of RPSN relative to thermal drive, R, is fixed at 5.1. The damping beam provides
Γeff0 /2pi = 2.7 kHz and ω
eff
m /2pi = 1.524 MHz. However the total mechanical damping rate and resonance frequency change
with the signal beam detuning ∆. (b) The minimum value of SI for spectra as displayed in (a) (blue circles). Statistical error
bars indicate the standard deviation. The frequency where the minimum occurs, ωopt, shifts with ∆ due to the optical spring
effect. Also displayed are the mechanical thermal noise floor for our current parameters 1/R (dashed green), limit set by finite
detection efficiency 1− (dot-dashed green), sum of thermal and detection efficiency limit (dot-dot-dashed green), and expected
squeezing in the absence of optical loss and thermal motion (dotted gray). (c) The directly detected optical intensity noise
signal beam spectrum with intentionally added white, classical amplitude noise (red), theoretical prediction (black), and level
of added amplitude noise (gray). (d) The mechanical displacement spectrum inferred from the damping beam transmission
spectrum (orange), and Lorentzian fit (dotted black). Detection noise floor is also shown (dotted gray). One additional peak
due to excess noise is visible in the bottom panel of (a) and in (d) at frequencies ∼ 1.545 MHz due to a thermally occupied
mechanical mode of the cavity support structure.
quantum correlations, because its intensity and thus
RPSN effects on the membrane are small [3]. The me-
chanical displacement spectrum derived from the damp-
ing beam (Fig. 2(d)) shows the mechanics still retains a
Lorentzian response to locally white force fluctuations.
We next explore all quadratures of the transmitted sig-
nal beam with balanced homodyne detection. We inter-
fere the transmitted signal beam with an optical local
oscillator whose phase is stabilized relative to the sig-
nal beam (See Supplementary Materials for details). In
Fig. 3(a) optical quadrature spectra, Sφ(ω), over vary-
ing quadrature phase, φ, are displayed. Sφ is normalized
such that the measured shot noise level is unity. The
phase φ = 0 corresponds the amplitude quadrature and
gives information equivalent to that obtained in the di-
rect detection discussed above. (Note, for these mea-
surements ∆ = −2pi × 42 kHz, allowing some squeezing
to be rotated into the amplitude quadrature.) Regions
with noise spectral density below the shot noise level are
visible over a bandwidth of ∼ 100 kHz, and φ ranging
over tens of degrees. The range of observed squeezing
is limited to a region smaller than predicted by theory
because of the thermal motion of the cavity mirrors and
support structure mentioned above. The depth of the
observed squeezing in homodyne detection is also lower
than that observed in direct detection. This is partially
accounted for by imperfect overlap between the probe
beam and homodyne local oscillator, contributing an ad-
ditional effective optical loss, m = 0.8. Also, we operate
in a regime where the homodyne local oscillator power is
only a factor of less than 10 larger than the probe power,
making the measurement slightly susceptible to the noise
of the local oscillator (see Appendix).
Homodyne detection also allows us to quantify the co-
herent amplification of optical quantum fluctuations in
our measurement. In Fig. 3(b) we compare our data
to a theoretical calculation based upon a Heisenberg-
Langevin model. The agreement between the model
and the data allows us to interpret the large noise spec-
tral density (Sφ ∼ 330) near the phase quadrature at
φ = ±90◦ as arising mainly from coherent amplification
of quantum noise or so-called anti-squeezing. This am-
plification persists despite the large imaginary compo-
nent of the mechanical response, which has the poten-
tial to limit squeezing and add thermal noise. Note,
the measured spectral densities are far in excess of
that required to satisfy the Heisenberg uncertainty limit,√
Sφ(ω)
√
Sφ+pi/2(ω)  1. In the Supplementary Ma-
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FIG. 3. Optical Quadrature Spectrum. (a) Color map of
Sφ. The white contour is at the shot noise level, and the re-
gion inside this contour is squeezed. Several additional noise
peaks are evident at frequencies away from the mechanical
resonance, due to motion of thermally occupied modes of the
support structure. The inset shows the squeezed region in
more detail and also includes a theoretical prediction (dashed
black) of the expected shot noise contour. The experimental
parameters are the same as in Fig. 2, except ∆/2pi = −42 kHz.
(b) Cuts through quadrature phase at three different frequen-
cies 1.517 MHz (blue circles), 1.526 MHz (green stars), and
1.535 MHz (red triangles), averaged over a 1 kHz bandwidth,
and corresponding zero free parameter theoretical models
(colored solid curves).
terials we present the parameters and configuration that
would be required to realize a minimum uncertainty state
that saturates the Heisenberg bound.
In conclusion, we have experimentally demonstrated
that an optomechanical system well into the RPSN dom-
inated regime is capable of creating squeezed light. The
1.7 dB strength of optomechanical squeezing we achieve
is significantly larger than previous optomechanical re-
alizations [23, 24]. However, stronger squeezing has of
course been realized with more developed techniques
[15], and increasing efficiency and reducing thermal noise
will be required to study the ultimate limits to deeply
ponderomotively-squeezed light. It will also be interest-
ing to compare the passive squeezing achieved here to
techniques that utilize optomechanically mediated quan-
tum nondemolition measurements of the optical field and
active feedback on the light [28, 29].
This material is based upon work supported by the Na-
tional Science Foundation under Grant Number 1125844,
by the ONR young investigator program, and by the
DARPA QuASAR program. C.A.R. thanks the Clare
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APPENDIX: CALCULATION OF OPTICAL
SPECTRA
In this Appendix we describe our solution to the
Heisenberg-Langevin equations of motion for our op-
tomechanical system. We then compute the expected
output optical quadrature spectrum, and the spectrum
obtained from balanced homodyne detection and direct
photodetection.
1. Heisenberg-Langevin Equations
We begin with the following Hamiltonian, H = H0 +
Hκ + HΓ, where H0 describes the intracavity coherent
dynamics, Hκ represents the coupling of the optical sys-
tem to external fields, and HΓ represents the external
thermal coupling to the mechanics [3–5, 25, 30].
H0 = ~ωmc†c+ ~ωca†a+ ~GZzp(c+ c†)a†a (A1)
where ωm is the mechanical resonance frequency, c (c
†) is
the mechanical annihilation (creation) operator, ωc is the
optical resonance frequency, a (a†) is the optical intra-
cavity annihilation (creation) operator, G is the optome-
chanical coupling constant, and Zzp =
√
~/2mωm is the
mechanical zero point motion, withm the mechanical res-
onator effective mass. We define a single photon optome-
chanical coupling rate g = GZzp, and a dimensionless
mechanical displacement operator z =
(
c+ c†
)−〈c+c†〉.
The Hamiltonian is linearized by assuming a large op-
tical coherent state amplitude compared to the vacuum
level, a = (a¯ + d(t))eiωLt, where ωL is the optical drive
frequency, a¯ = 〈a〉 is the intracavity coherent state am-
plitude, assumed to be real, and d(t) is an operator con-
taining the quantum and classical noise on the optical
field. Terms of order d2 are neglected. The linearized
Hamiltonian that encapsulates the basic interaction is
H0 =~ωmc†c+ ~ωca†a+
~GZzp(c+ c†)a¯∗a¯+HBS +HTMS (A2)
HBS =~GZzp
(
a¯∗c†d+ a¯cd†
)
(A3)
HTMS =~GZzp
(
a¯∗cd+ a¯c†d†
)
(A4)
The resulting linearized Hamiltonian contains both
the beam-splitter (HBS) and the two mode squeezing
(HTMS) Hamiltonians.
We solve the Heisenberg-Langevin equations of mo-
tion for this system in the frequency domain, us-
ing the Fourier transformation convention f(ω) ≡
6∫∞
−∞ e
ıωtf(t)dt, f†(ω) ≡ ∫∞−∞ eıωtf†(t)dt, (f†(ω))† =
f(−ω). We assume thermally driven mechanical motion,
with mechanical damping rate Γ0 and initial thermal oc-
cupation nth. We include the effects of the additional
optical damping beam in an orthogonal cavity mode, by
defining effective values for ωm, Γ0, and nth for the mo-
tion of the mechanical resonator in the presence of the
optomechanical damping, spring, and cooling induced by
the damping beam [25]. The optomechanical effects of
the signal beam are intrinsic in the equations of motion.
The optical loss rate to the input port, output port, and
internal loss are κL, κR, and κint respectively, yielding a
total cavity damping rate of κ = κL + κR + κint. The
external optical input fields consist of a coherent state, of
frequency ωL, incident on the input port of the two-sided
Fabry-Perot cavity, and vacuum incident on the output
port. An effective detuning of the input signal field from
the average value of the optomechanically shifted cavity
resonance is given by ∆. The optical output operator,
aout = (a¯out +dout(t))e
iωLt, is computed using the cavity
input-output relations a¯out =
√
κRa¯, dout + din =
√
κRd,
where din is the noise operator representing the vacuum
field incident on the output port [31].
2. Optical Output Spectrum
The quadrature output operator is defined as Xφ(ω) =
aout(ω)e
iφ+a†out(ω)e
−iφ, where φ is the quadrature phase
angle. Because we have assumed a¯ to be real, the input-
output relation indicate a¯out is also real, and φ = 0
(φ = 90) corresponds to the amplitude (phase) quadra-
ture. The symmetrized power spectrum of the quadra-
ture operator is SXX(ω).
SXX(ω) =〈Xφ(−ω)Xφ(ω)〉s
=
1
2
(〈Xφ(−ω)Xφ(ω)〉+ 〈Xφ(ω)Xφ(−ω)〉)
=Aζζ(ω) +Azz(ω) +Aζz(ω) (A5)
The spectrum consist of three terms. Aζζ is the shot
noise on the output. Azz represents the noise imprinted
by the actual mechanical motion. The cross term Aζz
contains the correlations between shot noise and motion
driven by radiation pressure from the shot noise. This
term is responsible for any squeezing.
Azz(ω) = κR|a¯|2g2
(
|χc(ω)|2 + |χc(−ω)|2 − χc(ω)χc(−ω)e2iφ − χ∗c(ω)χ∗c(−ω)e−2iφ
)
〈z(−ω)z(ω)〉s
Aζz(ω) = i
√
κRa¯g
(
(−χc(−ω)e2iφ + χ∗c(ω))〈z(−ω)ζ(ω)〉s + (−χc(ω)e2iφ + χ∗c(−ω))〈ζ(−ω)z(ω)〉s+
(χ∗c(ω)e
−2iφ − χc(−ω))〈z(−ω)ζ†(ω)〉s + (χ∗c(−ω)e−2iφ − χc(ω))〈ζ†(−ω)z(ω)〉s
)
Aζζ(ω) = 〈ζ†(−ω)ζ(ω)〉s + 〈ζ(−ω)ζ†(ω)〉s = 1
The output shot noise operator is ζ(ω) = χc(ω)
√
κLκRξL(ω) + χc(ω)
√
κintκRξint(ω) + (χc(ω)κR − 1)ξR(ω). ξL, ξR,
and ξint are the Langevin vacuum noise operators for the input port, output port, and internal loss of the cavity
respectively.
〈z(−ω)z(ω)〉s = 1|N (ω)|2
(
Γ0
(
nth + 1/2
|χm(ω)|2 +
nth + 1/2
|χm(−ω)|2
)
+ 2ω2mg
2κ|a¯|2 (|χc(ω)|2 + |χc(−ω)|2))
〈z(−ω)ζ(ω)〉s = −ωma¯g
√
κR
N (−ω) χc(ω); 〈ζ(−ω)z(ω)〉s =
−ωma¯g√κR
N (ω) χc(−ω)
〈ζ†(−ω)ζ(ω)〉s = 〈ζ(−ω)ζ†(ω)〉s = 1
2
We have introduced the following notation. The cav-
ity susceptibility is χc(ω) = (κ/2 − i(∆ + ω))−1. The
mechanical susceptibility is χm(ω) = (Γ0/2 − i(ω −
ωm))
−1. The optomechanical damping and spring ef-
fects are encompassed in N (ω) = (χm(ω)χ∗m(−ω))−1 −
i2ωmg
2|a¯|2(χc(ω) − χ∗c(−ω)). We also assume the me-
chanical thermal and optical vacuum baths are uncor-
related at different times 〈ξ(−ω′)ξ(ω)〉 = δ(ω − ω′), for
noise operator ξ, and we assume integration over ω′ for
7physically relevant quantities.
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FIG. A.1. Calculated Homodyne Spectrum for finite signal
beam detuning. Homodyne transmission spectra, Sφ, are cal-
culated for three signal beam-cavity detunings: (a) ∆/2pi = 0,
(b) ∆/2pi = −42 kHz, (c) ∆/2pi = −100 kHz. The other
parameters used are g/2pi = 33 Hz, m = 6.75 × 10−12 kg,
ωeffm /2pi = 1.5243 MHz, Γ
eff
0 /2pi = 2560 Hz, T
eff = 3.8 ×
10−4 K, ext = 0.55, κ/2pi = 1.7 MHz, κR = 0.6κ, N¯ =
1.1 × 108, ext|a¯out|2/|a¯LO|2 = 0.1. The parameters of panel
(b) match the parameters of the measured spectrum presented
in Fig. 3. With those parameters, the mechanical damping
from the signal beam is 6 kHz. Calculated spectra are dis-
played on a logarithmic scale. The region between the white
0 dB contours is squeezed.
Any loss in the optical detection system, including
propagation losses between the cavity and detector, im-
perfect mode matching to the homodyne detector, or
finite photodetector conversion efficiency can be mod-
eled by a single effective loss port with fractional loss
ext. The loss port attenuates the signal reaching the
detector a¯out → √exta¯out, and injects vacuum noise
leading an effective quadrature spectrum of SXX(ω) →
extSXX(ω) + (1− ext).
The homodyne detection consists of combining a
strong optical local oscillator with the output from the
cavity on a beam splitter. Both outputs of the beam
splitter are recorded on photodetectors and the two pho-
tocurrents are subtracted. Assuming an equal split-
ting on the beam splitter, the subtracted photocurrent
signal is proportional to (a¯outa¯LOe
iφ − a¯outa¯LOe−iφ) +
a¯out(dLO + d
†
LO) + a¯LO(doute
iφ + d†oute
−iφ), where the
annihilation operator of the local oscillator is aLO =
(a¯LO + dLO(t))e
iωLt+φ, and we have neglected terms of
order d2. The third terms is proportional to Xφ. The
second term which represents the local oscillator vacuum
noise beating against the coherent portion of the cavity
output field is negligible when a¯LO  a¯out, and is typi-
cally ignored. However, in the homodyne detection sys-
tem described in the main text, we are limited to a local
oscillator power which is less than 10 times larger than
the signal beam power in order to ensure the photodetec-
tors to remain in their linear range. In this case, the local
oscillator noise term must be included to quantitatively
model the homodyne data. The one-sided, symmetrized,
shot noise normalized spectra, Sφ(ω) in the main text are
then given by:
Sφ(ω) =
2
(|a¯LO|2(extSXX(ω) + (1− ext)) + ext|a¯out|2)
2 (|a¯LO|2 + ext|a¯out|2)
(A6)
Using this full expression, one sees the level of perceived
squeezing is reduced by the additional uncorrelated noise
floor of the local oscillator.
The one-sided, symmetrized, shot-noise-normalized,
direct photodetection spectrum, discussed in the main
text requires SXX(ω) to be evaluated at φ = 0.
SI(ω) = extSXX(ω)|φ=0 + (1− ext) (A7)
Several calculated spectra of Sφ in Fig. A.1 illustrate
the effects of the signal beam detuning, ∆. Three differ-
ent values of ∆ are displayed, and the other parameters
are chosen to match the experimental data of the bal-
anced homodyne experiment. Two trends are evident as
∆ is varied. First, the entire spectrum is rotated by the
cavity filtering by tan−1(2∆/κ). This is most evident
by focusing on the white 0 dB contour, which is shifted
away from φ = 0 for increasing detuning. Second, the
optomechanical damping from the signal becomes sig-
nificant for non-zero detuning, consequently broadening
the features. This broadening is evident near the phase
quadrature, which when ∆ ∼ 0 is proportional to the
actual mechanical motion. The area between the 0 dB
shot noise contours also becomes noticeably wider near
the amplitude quadrature and near ωm as ∆ is increased.
[1] J. D. Teufel, T. Donner, Dale Li, J. W. Harlow, M. S.
Allman, K. Cicak, A. J. Sirois, J. D. Whittaker, K. W.
Lehnert, and R. W. Simmonds. Sideband cooling of mi-
8cromechanical motion to the quantum ground state. Na-
ture, 475:359 – 363, 2011.
[2] Jasper Chan, T. P. Mayer Alegre, Amir H. Safavi-Naeini,
Jeff T. Hill, Alex Krause, Simon Gro¨blacher, Markus As-
pelmeyer, and Oskar Painter. Laser cooling of a nanome-
chanical oscillator into its quantum ground state. Nature,
478:89 – 92, 2011.
[3] T. P. Purdy, R. W. Peterson, and C. A. Regal. Observation
of radiation pressure shot noise on a macroscopic object.
Science, 339:801–804, 2013.
[4] C. Fabre, M. Pinard, S. Bourzeix, A. Heidmann, E. Gia-
cobino, and S. Reynaud. Quantum-noise reduction using a
cavity with a movable mirror. Phys. Rev. A, 49:1337–1343,
1994.
[5] S. Mancini and P. Tombesi. Quantum noise reduction by
radiation pressure. Phys. Rev. A, 49:4055–4065, 1994.
[6] V.B. Braginsky and A.B. Manukin. Ponderomotive effects
of electromagnetic radiation. Soviet Physics JETP, 25,
1967.
[7] V. B. Braginsky and F. Y. Khalili. Quantum Measure-
ment. Cambridge University Press, 1992.
[8] Carlton M. Caves. Quantum-mechanical noise in an inter-
ferometer. Phys. Rev. D, 23:1693–1708, 1981.
[9] W. G. Unruh. In P. Meystre and M. O. Scully, editors,
Quantum Optics, Experimental Gravitation, and Measure-
ment Theory, page 647. Plenum, New York, 1982.
[10] M. T. Jaekel and S. Reynaud. Quantum limits in in-
terferometric measurements. EPL (Europhysics Letters),
13(4):301, 1990.
[11] H. J. Kimble, Yuri Levin, Andrey B. Matsko, Kip S.
Thorne, and Sergey P. Vyatchanin. Conversion of con-
ventional gravitational-wave interferometers into quantum
nondemolition interferometers by modifying their input
and/or output optics. Phys. Rev. D, 65:022002, 2001.
[12] R. E. Slusher, L. W. Hollberg, B. Yurke, J. C. Mertz, and
J. F. Valley. Observation of squeezed states generated by
four-wave mixing in an optical cavity. Phys. Rev. Lett.,
55:2409–2412, 1985.
[13] R. M. Shelby, M. D. Levenson, S. H. Perlmutter, R. G.
DeVoe, and D. F. Walls. Broad-band parametric deampli-
fication of quantum noise in an optical fiber. Phys. Rev.
Lett., 57:691–694, 1986.
[14] Ling-An Wu, H. J. Kimble, J. L. Hall, and Huifa Wu.
Generation of squeezed states by parametric down con-
version. Phys. Rev. Lett., 57:2520–2523, 1986.
[15] Tobias Eberle, Sebastian Steinlechner, Jo¨ran
Bauchrowitz, Vitus Ha¨ndchen, Henning Vahlbruch,
Moritz Mehmet, Helge Mu¨ller-Ebhardt, and Roman
Schnabel. Quantum enhancement of the zero-area sagnac
interferometer topology for gravitational wave detection.
Phys. Rev. Lett., 104:251102, 2010.
[16] The LIGO Scientific Collaboration. A gravitational wave
observatory operating beyond the quantum shot-noise
limit. Nature Physics, 7:962 – 965, 2011.
[17] Michael A. Taylor, Jiri Janousek, Vincent Daria, Joachim
Knittel, Boris Hage, Hans-A. Bachor, and Warwick P.
Bowen. Biological measurement beyond the quantum
limit. Nature Photonics, 7:229–233, 2013.
[18] M. A. Castellanos-Beltran, K. D. Irwin, G. C. Hilton,
L. R. Vale, and K. W. Lehnert. Amplification and squeez-
ing of quantum noise with a tunable josephson metama-
terial. Nature Physics, 4:929 – 931, 2008.
[19] L. Hilico, J.M. Courty, C. Fabre, E. Giacobino, I. Abram,
and J.L. Oudar. Squeezing with χ(3) materials. Applied
Physics B, 55(3):202–209, 1992.
[20] Thomas Corbitt, Yanbei Chen, Farid Khalili, David Ot-
taway, Sergey Vyatchanin, Stan Whitcomb, and Ner-
gis Mavalvala. Squeezed-state source using radiation-
pressure-induced rigidity. Phys. Rev. A, 73:023801, 2006.
[21] A. Heidmann, Y. Hadjar, and M. Pinard. Quantum
nondemolition measurement by optomechanical coupling.
Appl. Phys. B, 64:173–180, 1997.
[22] A. Dorsel, J. D. McCullen, P. Meystre, E. Vignes, and
H. Walther. Optical bistability and mirror confinement
induced by radiation pressure. Phys. Rev. Lett., 51:1550–
1553, 1983.
[23] Daniel W. C. Brooks, Thierry Botter, Sydney Schreppler,
Thomas P. Purdy, Nathan Brahms, and Dan M. Stamper-
Kurn. Non-classical light generated by quantum-noise-
driven cavity optomechanics. Nature, 488:476–480, 2012.
[24] A. H. Safavi-Naeini, S. Groeblacher, J. T. Hill, J. Chan,
M. Aspelmeyer, and O. Painter. Squeezing of light via
reflection from a silicon micromechanical resonator. 2013.
Preprint available as: ArXiv:1302.6179.
[25] F. Marquardt, J. P. Chen, A. A. Clerk, and S. M. Girvin.
Quantum theory of cavity-assisted sideband cooling of me-
chanical motion. Phys. Rev. Lett., 99:093902, 2007.
[26] T. P. Purdy, R. W. Peterson, P.-L. Yu, and C. A. Regal.
Cavity optomechanics with Si3N4 membranes at cryogenic
temperatures. New J. Phys., 14(11):115021, 2012.
[27] J. D. Thompson, B. M. Zwickl, A. M. Jayich, Florian
Marquardt, S. M. Girvin, and J. G. E. Harris. Strong
dispersive coupling of a high-finesse cavity to a microme-
chanical membrane. Nature, 452:72–75, 2008.
[28] H. M. Wiseman and G. J. Milburn. Squeezing via feed-
back. Phys. Rev. A, 49:1350–1366, Feb 1994.
[29] S Mancini and H M Wiseman. Optomechanical tailoring
of quantum fluctuations. Journal of Optics B: Quantum
and Semiclassical Optics, 2(3):260, 2000.
[30] Thierry Botter, Daniel W. C. Brooks, Nathan Brahms,
Sydney Schreppler, and Dan M. Stamper-Kurn. Linear
amplifier model for optomechanical systems. Phys. Rev.
A, 85:013812, 2012.
[31] D. F. Walls and G. J. Milburn. Quantum Optics.
Springer-Verlag, Berlin, 2nd edition, 2008.
9Supplementary Information for:
Strong Optomechanical Squeezing of Light
T. P. Purdy∗, P.-L. Yu, R. W. Peterson, N. S. Kampel, and C. A. Regal
JILA, University of Colorado and National Institute of Standards and Technology,
and Department of Physics, University of Colorado, Boulder, Colorado 80309, USA
S.1. EXPERIMENTAL SETUP
Optomechanical Device
A detailed description of the construction and calibra-
tion of our membrane in a cryogenic cavity optomechani-
cal system is described in Ref. [S1]. One key to the stable
operation of our device is a monolithic design in which all
elements are rigidly held in a cm-scale package. Briefly,
our cavity consists of one flat mirror and one 5 cm radius
of curvature mirror. For this work the mirrors are spaced
3.54 mm apart. Both mirrors have a fractional intensity
transmission of 1 × 10−4. The membrane consists of a
40 nm thick thin-film of high-stress stoichiometric silicon
nitride with an index of refraction of approximately 2.
The membrane is a square of 500 µm on a side and is
suspended in the center of a square single crystal silicon
frame 5 mm on a side and 500 µm thick. The mem-
brane is held in the cavity about 900 µm from the flat
mirror. The curved end mirror and membrane are held
by piezoactuators that allow about 500 nm of motion
along the optical axis. The end mirror actuator is em-
ployed to change the overall optical path length of the
cavity. The membrane actuator is used to position the
membrane along the optical standing wave allowing oper-
ation at the maximum optical intensity gradient, where
the linear optomechanical coupling is strongest. Here,
optomechanical coupling arises from two sources. The
dispersive optomechanical coupling changes the effective
optical path length of the cavity as the optical inten-
sity in the membrane changes. An additional coupling
occurs as the boundary conditions change for waves par-
tially reflected from the membrane. In this case there
is an imbalance between the optical intensity on either
side of the membrane leading to a radiation pressure cou-
pling. Using a one-dimensional matrix model [S2] for the
three element optical cavity, along with the measured op-
tical linewidth of κ/2pi = 1.7 MHz with the membrane
at its nominal operating point, we estimate the input
and output coupling and internal loss to be κL = 0.31κ,
κR = 0.6κ, and κint = 0.09κ respectively. We also mea-
sure a linear birefringence splitting of the polarization
modes of the optomechanical cavity to be 300 kHz.
The mechanical modes of the membrane are the trans-
verse oscillation modes of a square, thin, high-tension
drum. We label each mode with two indices (m,n) which
indicate the number of antinodes of oscillation along each
axis of the square. The effective modal mass of any of
these modes is m = 6.75 × 10−12 kg equal to 1/4 of the
physical mass. We focus on the (2, 2) mode of oscillation
in this work, at a frequency of ωm/2pi = 1.52 MHz. (Al-
though we have observed squeezed light in the vicinity of
several other low-order mechanical modes.) The optical
mode spot is centered near one of the antinodes of the
(2,2) mechanical mode to obtain the maximum optome-
chanical coupling.
Optical Setup
Our optical setup is similar to that described in
Ref. [S3], with the addition of balanced homodyne detec-
tion (Fig. S1). Our laser system consists of three beams
derived from the same laser source, a low noise 1064 nm
Mephisto laser from Innolight GmbH. The laser is fil-
tered by transmission through a 40 kHz linewidth Fabry-
Perot cavity to remove classical noise in the measure-
ment frequency band around 1.5 MHz. The filtered beam
is then double passed through an acousto-optical modu-
lator (AOM), employed in the cavity frequency locking
scheme. The light is then split into three beams that
act as the signal, damping, and homodyne local oscilla-
tor. The damping beam passes through a pair of AOMs
producing a beam shifted in frequency by a few MHz
from the signal beam. The signal beam passes through
an electro-optical modulator that adds frequency side-
bands at 30 MHz from the carrier, which are used to
create a Pound-Drever-Hall error signal. We employ a
two branch feedback scheme to stabilize the laser-cavity
detuning. At low frequencies the end-mirror piezoactua-
tor maintains the cavity to be nearly resonant with the
signal beam. At high frequencies, up to 100 kHz, the
double passed AOM adjusts the laser frequency to follow
fast deviations of the laser-cavity detuning. The signal
detuning ∆ is set by adding a small electronic bias to the
error signal. The signal and damping beams are com-
bined before the cavity on a polarizing beam splitter and
split after the cavity with another polarizing beam split-
ter. The absolute frequency difference between the signal
and damping beam is set to be at least several hundred
kHz from the measurement band near 1.5 MHz. Hence,
any interference from imperfect polarization separation
does not affect the squeezing measurements. The trans-
mitted signal beam is then sent either to the direct pho-
todetection system or the homodyne detection system.
For the homodyne detection we combine the output
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FIG. S1. Experimental Setup. The signal beam (dotted blue), damping beam (solid red), and homodyne local oscillator
(dashed green) are derived from a single passively filtered 1064 nm source. Acousto-optical modulators (AOM) are used to
shift the laser frequency. An electro-optical modulator (EOM) is used to apply frequency sidebands for a Pound-Drever-Hall
frequency lock on photodetectors (PHD PD). The damping beam intensity is sampled on a photodetector (IS PD) used to
actively stabilize its intensity. A piezoelectric transducer (PZT) is used to stabilize the local oscillator path length. Dashed
black lines represent beam splitters, and boxes represent polarizing beam splitters. λ/4 and λ/2 are quarter-wave and half-
wave retarders respectively. The transmitted signal is detected either with direct balanced photodetection or with balanced
homodyne detection.
signal beam and local oscillator on a polarizing beam
splitter, rotate the polarization of the combined beams,
and then split this light with another polarizing beam
splitter. This realizes an effective 50-50 beam splitter.
The light from each output port is directed onto a pho-
todetector, and the photodetector signals are electroni-
cally subtracted. This difference signal is then digitized
at a sample rate of 2× 107 samples per second. We com-
pute the power spectrum of records of 25 ms in length.
Several thousand spectra are averaged for each measured
phase quadrature in Fig. 3 of the main text, averaging
over about 100 seconds worth of data. We actively sta-
bilize the measured quadrature phase by adjusting the
homodyne beam path length via a piezoactuated mirror.
For φ near the phase quadrature φ = pi/2, we feedback
to the average level of the photodetector difference. For
phases near the amplitude quadrature, φ = 0, an error
signal is created by putting a small phase modulation on
the homodyne beam with an electro-optical modulator.
The modulation sidebands at 5.6 MHz contain less than 1
percent of the total local oscillator power. The photode-
tector difference signal is then mixed with an electronic
local oscillator at the 5.6 MHz modulation frequency to
create an error signal. An electronic bias is added to this
error signal to finely adjust the measured quadrature.
With this system, we are able to reduce fluctuations of
the homodyne phase to less than 1◦ over the entire mea-
surement range. We are able identify the actual value of
the phase to better than 2◦ near the amplitude quadra-
ture and better than 5◦ near the phase quadrature.
S.2. PHOTODETECTOR AND LASER NOISE
CALIBRATION
Photodetector Linearity
The balanced detectors for both direct detection and
homodyne detection consist of Hamamatsu G10899 se-
ries InGaAS PIN photodiodes with a measured quantum
efficiency of 0.87. We demonstrate the linearity of the de-
tectors in Fig. S2. For the direct detector, we shine light
that does not pass through the optomechanical cavity
onto the detector. For the homodyne detector we vary
the local oscillator power with no signal beam present.
The detected noise shows a highly linear trend with de-
tected optical power for both detectors, indicating shot
noise limited detection, excellent linearity, and low pho-
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FIG. S2. (a) Direct Detector Calibration. (b) Homodyne De-
tector Calibration. Panel (a) (Panel (b)) displays the pho-
tocurrent noise power spectral density SA(ωm) as a func-
tion of detected photocurrent from the balanced detector
used in direct (homodyne) detection (red circles). Each
point is average over a bandwidth of 20 kHz centered around
ωm. The data are fit to lines (black). The fitted slopes
3.305 ± 0.005 × 10−19 A/Hz (3.320 ± 0.005 × 10−19 A/Hz)
agree with expected value of 2qe = 3.204×10−19 A/Hz at the
3% (4%) level, indicating the detection is shot-noise limited
and well calibrated for the direct (homodyne) detector. qe is
the electron charge. The arrows indicate the nominal operat-
ing point of the detector for the data taken in Fig. 2 (Fig. 3)
of the main text for direct (homodyne) measurements.
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FIG. S3. Homodyne Calibration. Sφ from the homodyne
balanced detector is plotted function of homodyne angles for
a shot noise limited signal beam that does not pass through
the optomechanical cavity. The blue circles are data and the
error bars indicate the statistical standard deviation. The
data are taken with a 832 µW local oscillator beam and a
110 µW signal beam (the same optical powers used in Fig. 3
of the main text). Each point is average over a bandwidth of
50 kHz around ωm.
todetector dark noise. We also test the linearity over
quadrature phase in Fig. S3. Here, we perform homo-
dyne detection with a signal beam that does not pass
through the optomechanical cavity. We observe a flat,
shot-noise-limited response over quadrature angle.
Classical Laser Intensity Noise and Shot Noise
Calibration
We measure that the intensity noise on the signal beam
to be shot noise limited before passing through the op-
tomechanical cavity by comparing the sum and difference
of balanced photodetectors. This test shows the ampli-
tude quadrature of the signal be to shot noise limited to
better than 0.1 dB. The calibration of this measurement
is limited by the slight mismatch of the amplifier gains
of the summing and differencing electronics to the 0.1
dB level. Further, our agreement between the measured
laser noise levels and those expected from careful inde-
pendent calibration of the photodetector response (see
Fig S2) is also at the 0.1 dB level. This systematic un-
certainty in the shot noise level between calibration tech-
niques leads to the quoted uncertainty on the maximum
level of squeezing obtained in the main text of ±0.2 dB.
Laser Phase Noise
We also independently assess the technical noise on
the phase quadrature of the signal beam before it passes
through the optomechanical cavity. Because the signal
beam and local oscillator are derived from the same laser
source, common mode noise between the two, introduced
from electronic noise on the common path AOM for in-
stance, will be rejected by balanced homodyne. However,
this noise will become apparent when the signal beam
is filtered by the optomechanical cavity, destroying the
common mode rejection at frequencies in the measure-
ment band. By passing the local oscillator through an
additional filter cavity with a linewidth of ∼ 100 kHz
(before it interferes with a signal beam that does not
pass through the cavity) we can remove the noise cor-
relations and gain an independent measurement of the
signal beam noise. Using this technique, we estimate the
phase noise on the signal beam to less than 1 dB above
shot noise in the measurement band near the 1.52 MHz
membrane resonance at an operating power of 110 µW.
This phase noise does not effect the squeezing results
obtained near the amplitude quadrature for parameters
employed in the main text. For ∆ κ, the frequency to
amplitude noise conversion by cavity quadrature rotation
is small, i.e. tan−1(2∆/κ) is only a few degrees for the
experimental parameters of the main text. However, for
operation at larger detuning, for instance ∆ ∼ ωm, the
excess phase noise could potentially pose a considerable
limit to squeezing. However, in our current experiment,
the most significant source of laser-cavity frequency noise
is the thermally induced mechanical motion of the mirror
and membrane substrates [S1, S4].
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FIG. S4. Approaching the Heisenberg uncertainty limit near
the mechanical resonance. The uncertainty product for the
optical quadratures SXX(ω)|φ=φmin × SXX(ω)|φ=φmin+pi/2 is
plotted at the mechanical resonance ω = ωm (solid red),
slightly detuned from the mechanical resonance ω = ωm +
ΓS + Γ0 (dotted green), and far off the mechanical resonance
ω ∼ 0 (dashed blue). ΓS is the optomechanical damping
from the signal beam. All three curves approach the Heisen-
berg uncertainty bound over a range of ∆. The ratio of sig-
nal beam induced optomechanical damping to intrinsic me-
chanical damping is also plotted (dot-dashed black). The pa-
rameters used are: g/2pi = 33 Hz, m = 6.75 × 10−12 kg,
ωeffm /2pi = 1.5243 MHz, Γ
eff
0 /2pi = 2560 Hz, T
eff = 0 K,
ext = 1, κ/2pi = 1.7 MHz, κR = κ, N¯ = 1.1× 108.
S.3. MINIMUM UNCERTAINTY STATES
The Heisenberg uncertainty limit for orthogonal
quadratures of SXX can be written as
√
SXX(ω)|φ=φ0 ×√
SXX(ω)|φ=φ0+pi/2 ≥ 1, for any φ0 and ω. It is in-
teresting to note under what conditions this uncertainty
product reaches the lower bound. Optical loss and classi-
cal optical noise will add uncertainty to the optical field.
Thermal motion will induce excess noise on the light.
Eliminating all of these classical noise sources reduces
the uncertainty product. However, as shown in Fig. S4,
the uncertainty product for the most deeply squeezed
quadrature φ = φmin with its orthogonal quadrature,
only approaches 1 over some finite range of ∆. The
curves of Fig. S4 are plotted for an idealized system at
zero temperature, but with finite damping, Γeff0 , to a zero
temperature bath, and no optical loss or classical noise.
For some values of ∆, the ponderomotive effects of the
light on the mechanical resonator can cause optimal cor-
relations that allow the signal beam quadratures φmin
and φmin + pi/2 to approach the Heisenberg uncertainty
limit at frequencies near the mechanical resonance. At
frequencies far from the mechanical resonance, the me-
chanical excitation from both zero point motion and ther-
mally driven motion is small, and the minimum uncer-
tainty product can be obtained over a wide range of ∆
even at finite temperature.
With this understanding of relative level of pondero-
motive squeezing and amplification, we are able to in-
terpret the data in Fig. 3(b). The agreement between
theory and data indicates that the majority of the mea-
sured noise in the φmin + pi/2 quadrature is amplified
quantum noise (with a small contribution from thermally
induced mechanical motion at the level of 1/R). Thus
we are able to infer a strong ponderomotive interaction
strength from the large (∼ 25 dB) optical amplification
rather than from the level of optical squeezing, where the
latter is far more sensitive to optical loss.
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